Introduction
Composite polymers have been prepared for biomedical applications by laminating them with heating and glue. 1, 2) However, these methods often degrade the adhesive strength and chemical properties, thereby affecting human health. 3) Development of rapid adhesion without heating and glue would solve this problems.
Homogeneous low voltage electron beam irradiation (HLEBI) improves the mist resistance and wetting of inorganic materials. [4] [5] [6] The improvement is mainly caused by the irradiation with the formation of dangling bonds. Dangling bonds have also been formed in polymers. 7) Dangling bonds enhance surface energy, which is probably a tool for joining the different polymers. 8) Thus, rapid and safe adhesion between different polymers may be possible by using HLEBI with effective penetration depth (see Table 1 ).
Since polydimethylsiloxane (PDMS) exhibits high transparency and bio-adaptability, this structural polymer can be mainly applied to contact lenze. 9) In addition, since it also shows self-adhesive, 10) it can be expected to apply to wrapping the bio-medical sensors.
Since polypropylene (PP) exhibits high wear resistance as well as high strength and fracture toughness, it can be applied to artificial lunge. 11) However, it is difficult to glue without problems induced by quick-drying glue and heat adhesion. To solve the problem, the development of rapid and safe adhesion method between PDMS to PP sheets has been expected to allow many biomedical applications.
In addition, the treatment time of HLEBI-sterilization is a few seconds, although sterilizing with ultraviolet light irradiation requires a few hours. 12, 13) Thus, HLEBI is expected to be an excellent tool for not only gluing different polymers, but also sterilizing them for biomedical applications, simultaneously.
Therefore, this study has investigated the effects of HLEBI on the adhesive force and its energy of peeling resistance of different polymers of polydimethylsiloxane (PDMS) film covered with polypropylene (PP) without glue but with sterilization. Figure 1 shows constitutional formula of PDMS and PP. Composites sheets were constructed with polydimethylsiloxane (PDMS) (10 mm Â 40 mm Â 0.075 mm, DOW CORNING TORAY SILPOT 184 W/C, Dow Corning Toray Co. Ltd., Japan) and polypropylene (PP) (10 mm Â 40 mm Â 0.030 mm, Clear Pack No. 13, P-WORK Co. Ltd., Japan).
Experiment Procedure

Homogeneous irradiation of electron beam
Both stainless steel springs and 0.015 mm thick nylon 6 supporting film, which loaded the compressive stress (0.080 MPa) at interface, reproducibly connected each polymer surface. 14, 15) As shown in Fig. 2 , samples were set on the stainless spring and urethane sheets. They were When the compressive stress of more than 0.080 MPa was loaded for more than 1.0 h, a high reproducibility of peeling force was obtained. Since no peeling force was observed at the interface between the nylon6 supporting film and the jig in the composites, it was easy to remove the supporting film after irradiation. The sample at the outer surface of the nylon film was homogeneously irradiated by an electroncurtain processor (Type CB175/15/180L, Energy Science Inc., Woburn, MA, Iwasaki Electric Group Co., Ltd., Tokyo). 3, [11] [12] [13] [14] [15] The samples were homogeneously irradiated with an electron beam through a titanium window attached to a 24 cm-diameter vacuum chamber. A tungsten filament in a vacuum was used to generate the electron beam with an electric voltage of 0.17 MeV and an irradiating current of 2.0 mA. To prevent oxidation, the samples were kept in a nitrogen atmosphere of 0.10 MPa with a residual oxygen concentration of less than 0.040%. The flow rate of the nitrogen gas was 1.5 L/s.
T-peeling test
Composite samples were prepared for the T-peeling test to evaluate the influence of homogeneous low voltage electron beam irradiation (HLEBI) on the adhesive force ( max F p ) and its energy ( M E p ) of peeling resistance. The peeling force and its peeling distance were obtained by the peeling test (see Fig. 3 ), which was performed by using an micro load tensile tester (F-S Master-1K-2N, IMADA Co. Ltd., Japan) with a strain rate of 10 mm/min. Since the unit of the adhesive force is Nm À1 , the adhesive force is used instead of the adhesive strength, which unite should be Nm À2 . The sample condition of tensile test is as follows.
(1) As shown in Fig. 3 , the length of each side sample end and chuck was 5 mm.
(2) The peeling load (L p ) is determined by using micro load tensile tester (F-S Master-1K-2N, IMADA Co. Ltd., Japan). The initial distance before peeling (d i ) is defined at the start point of peeling force, which corresponds to the start point of the first relaxation. The d i value is approximately one mm. 
Electron spin resonance (ESR) measurement
The density of the dangling bonds was measured by means of electron spin resonance (ESR) spectrometer (JES-FA200, JEOL Ltd., Tokyo) to obtain more precise information on atomic-scale structural changes in the polymers. 7, 14, 15) The microwave frequency used in the ESR analysis was in the X-band at 9:45 AE 0:05 GHz with a field modulation of 0.10 MHz. The microwave power was 1.0 mW. The magnetic field was varied from 317.0 to 327.0 mT. The spin density was calculated by using a Mn 2þ standard sample. Only ESR spectra (instead of spin densities) were given. The density of the dangling bonds was estimated based on the standard calibration material [4-hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL, 089-04191, Wako Pure Chemical Industries Ltd., Tokyo)] and Mn 2þ in the MnO by double integration of the intensity of the ESR signal. 
Results
Adhesive force of peeling resistance induced by HLEBI
Although the large adhesive load of peeling resistance has never been measured before irradiation, the laminated sheets constructed with PP and PDMS has been prepared before and after HLEBI. HLEBI homogeneously laminates the PP with the PDMS films at their interface. Figure 4 
Discussion
Enhancement of peeling resistivity by HLEBI
A peeling resistivity is defined as the slope (dF p =dd p ) of relationship between the adhesive force of peeling resistance (F p ) estimated by the peeling load (L p ) and peeling distance (d p ) in Fig. 4 . Figure 7 plots changes in the peeling resistivity (dF p =dd p ) of joint PP-PDMS laminated sheets at each dose of HLEBI against peeling distance (d p ). The peeling gradually reduces the dF p =dd p . HLEBI at 0.30 MGy apparently raises the (dF p =dd p ) at each peeling distance of less than 0.14 mm. On the contrary, HLEBI at 0.65 MGy reduces the (dF p =dd p ) at each peeling distance of less than 0.14 mm.
The initial value of ðdF p =dd p Þ o is the maximum value of the ðdF p =dd p Þ and is defined as the peeling resistivity. When the fracture occurs at laminate interface, its physical meaning is stiffness before peeling. Furthermore, although additional irradiation at more than 0.43 to 0.65 MGy decreases the adhesive force of peeling resistance (see Fig. 5 ), it also enhances the intensity of the ESR signal related to the density of additional dangling bonds in the polypropylene (PP).
On the other hand, ESR signals cannot be detected in the PDMS samples before and after irradiation. Since the chemical bonds in PDMS are weaker than those of PP, it is easy that HLEBI generates the dangling bonds. However, since it is also easy to recover quickly to annihilate the dangling bonds, they can not be detected. On the other hand, ESR signals have been observed in PDMS irradiated at low temperature, as shown in Fig. 9 (dotted lines) . Since the annihilation rate of dangling bonds at low temperature is lower than that at room temperature, the dangling bonds can be easily observed at low temperature. Since HLEBI generates the dangling bonds with short lifetime in PDMS at room temperature, the HLEBI probably laminates the adhesive force for short time.
ESR signals (see Fig. 9 ), indicates that HLEBI enhances the density of dangling bonds in PP. The density of dangling bonds at 0.30 MGy is 5:7 Â 10 15 spinÁmm À3 in PP film. Dangling bonds is probably generated in PDMS film irradiated even at room temperature for short time. Since the air gap has not existed between PDMS and PP films, the adhesion force at the laminated interface has been detected.
On the other hand, since the air gap has been exists between the support film and sample, the adhesion between nylon6 support film and specimen does not occur. Figure 10 shows schematic illustration of bonding sites at interface between PP and PDMS. When the dangling bonds are induced by HLEBI less than 0.30 MGy (see Fig. 7 ), they act as bonding sites to terminal atoms of another side by coulomb attractive force at the interface between PP and PDMS. Thus, the high adhesive forces of peeling resistance ( max F p , o F p and min F p ) (Fig. 5) , high adhesive energy of peeling resistance ( o E p ) (Fig. 6 ) and high peeling resistivity (dF p =dd p ) (Figs. 7 and 8) can be explained. The density of dangling bonds at 0.30 MGy is 5:7 Â 10 15 SpinÁmm À3 in PP. When additional dangling bonds induced by HLEBI at more than 0.30 to 0.65 MGy act as crack origins and propagation sites at the laminated interface between PP and PDMS, HLEBI at more than 0.30 to 0.65 MGy reduces the adhesive force of peeling resistance ( max F p ) (Fig. 5) . HLEBI always enhances the peeling resistivity (dF p =dd p ) (Fig. 8) . When HLEBI partially breaks the atomic bandings of polymer and relaxes the residual stress, the potential curve of the mean correlation distance among the atoms in the molecules would probably become sharp. Therefore, it can be explained that HLEBI enhances (dF p =dd p ).
Discussion of irradiation depth in polymer
Christenhusz and Reimer 16) have evaluated the depth of penetration of EB irradiation of less than 0.20 MV electrical potential by measuring the Joule heat generated in copper films.
16) Based on density (&: kgÁm À3 ) and potential drop (ÁV: kV), penetration depth (D th : m) is given by
The potential at the surface sample (V s ) is expressed by the following equation. 16 )
Based on the assumption of Christenhusz and Reimer, 13) the potential drop (ÁV) is caused by the loss of irradiation energy of the electron beam from the initial potential at the filament surface of the electron beam gun (V 0 ) to the potential at the surface sample (V s ). The potential drop (ÁV) is expressed by the following equation. 16 )
Here, ( and S are thickness of the Ti sheet and mass thickness nitrogen gas, respectively.
The electrical potential (0. The penetration depth Libby assumption 17) of HLEBI related to mass thickness (S: mgÁcm À2 ) and irradiation voltage (V s /kV), is expressed by
The estimated mass thickness is 35 mgÁcm À2 , when the initial irradiation potential is 0.17 MeV. Since the mass thickness of the Ti foil (1.8 mgÁcm À2 ) and N 2 gas (0.15 mgÁcm À2 ) reduces the penetration depth of HLEBI, the mass thickness (S) of the polymer sample is 33 mgÁcm À2 . In addition, based on the Libby assumption, 17) the electrical potential of the sample surface is expressed by
Furthermore, the penetration depths of PDMS (0.33 mm) and PP (0.38 mm) are obtained by the assumptions of Libby.
17)
The sample, is positioned in an aluminum plate holder (0.15 m Â 0.15 m), and is transported on a conveyor at a speed of 10 m/min. Because the minimum dose of HLEBI is 43 J/g (1:1 Â 10 13 e m À2 = 0.043 MGy), each burst of irradiation is performed for a short time (0.23 s) at 0.043 MGy to avoid excessive heating of the sample. As a result, the temperature of the sample surface remained below 323 K just after irradiation. Both surfaces of the samples are repeatedly irradiated to increase the total irradiation dose. The interval between the end of one period of irradiation and the start of the next is 30 s. The dosage is proportional to the yield determined from the irradiation current, the conveyor speed, and number of irradiations.
The yield is calibrated using Radio chromic nylon film (FWT-60-00: FAR WEST TECHNOLOGY Inc., Goleta, CA, USA) and dose-meters (FWT-92D: FAR WEST TECHNOLOGY Inc., Goleta, CA, USA).
The electron number density (Ng) is expressed by the following equation in metals. Since the irradiated depth of PDMS of supporting film (75 mm thickness) and adhesive film (30 mm thickness) in the composites is 0.11 mm, the adhesive interface is perfectly irradiated. Based on the results and discussion, the whole samples are homogeneously irradiated, because the effective depth is 0:30 AE 0:08 mm (see Table 1 ).
Conclusion
The effects of homogeneous low voltage electron beam irradiation (HLEBI) adhesion without glue but with sterilization on the adhesive force of peeling resistance ( 
